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ERROR ANALYSIS OF THE S-STEP LANCZOS METHOD IN
FINITE PRECISION

ERIN CARSON AND JAMES DEMMEL

Abstract. The s-step Lanczos method is an attractive alternative to the classical Lanczos
method as it enables an O(s) reduction in data movement over a fixed number of iterations. This
can significantly improve performance on modern computers. In order for s-step methods to be widely
adopted, it is important to better understand their error properties. Although the s-step Lanczos
method is equivalent to the classical Lanczos method in exact arithmetic, empirical observations
demonstrate that it can behave quite differently in finite precision. In the s-step Lanczos method,
the computed Lanczos vectors can lose orthogonality at a much quicker rate than the classical method,
a property which seems to worsen with increasing s.

In this paper, we present, for the first time, a complete rounding error analysis of the s-step
Lanczos method. Our methodology is analogous to Paige’s rounding error analysis for the classical
Lanczos method [IMA J. Appl. Math., 18(3):341-349, 1976]. Our analysis gives upper bounds on the
loss of normality of and orthogonality between the computed Lanczos vectors, as well as a recurrence
for the loss of orthogonality. The derived bounds are very similar to those of Paige for classical
Lanczos, but with the addition of an amplification term which depends on the condition number
of the Krylov bases computed every s-steps. Our results confirm theoretically what is well-known
empirically: the conditioning of the Krylov bases plays a large role in determining finite precision
behavior.

Key words. Krylov subspace methods, error analysis, finite precision, roundoff, Lanczos, avoid-
ing communication, orthogonal bases

AMS subject classifications. 65G50, 65F10, 65F15, 65N15, 656N12

1. Introduction. Given an n-by-n symmetric matrix A and a starting vector v
with unit 2-norm, m steps of the Lanczos method [21] theoretically produces the or-
thonormal matrix V;,, = [vg, ..., Un] and the (m+1)-by-(m+1) symmetric tridiagonal
matrix T;, such that

AV = Vi T + Bt 10m1 i1 (1.1)

When m = n — 1, the eigenvalues T, _1 are the eigenvalues of A. In practice, the
eigenvalues of T are still good approximations to the eigenvalues of A when m < n—1,
which makes the Lanczos method attractive as an iterative procedure. Many Krylov
subspace methods (KSMs), including those for solving linear systems and least squares
problems, are based on the Lanczos method. In turn, these various Lanczos-based
methods are the core components in numerous scientific applications.

Classical implementations of Krylov methods, the Lanczos method included, re-
quire one or more sparse matrix-vector multiplications (SpMVs) and one or more
inner product operations in each iteration. These computational kernels are both
communication-bound on modern computer architectures. To perform an SpMV,
each processor must communicate entries of the source vector it owns to other pro-
cessors in the parallel algorithm, and in the sequential algorithm the matrix A must
be read from slow memory. Inner products involve a global reduction in the paral-
lel algorithm, and a number of reads and writes to slow memory in the sequential
algorithm (depending on the size of the vectors and the size of the fast memory).

Thus, many efforts have focused on communication-avoiding Krylov subspace
methods (CA-KSMs), or s-step Krylov methods, which can perform s iterations with
O(s) less communication than classical KSMs; see, e.g., [4, 5, 7, 9, 10, 16, 17, 8, 33, 35].
In practice, this can translate into significant speedups for many problems [24].
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2 ERIN CARSON AND JAMES DEMMEL

Equally important to the performance of each iteration is the convergence rate of
the method, i.e., the total number of iterations required until the desired convergence
criterion is met. Although theoretically the Lanczos process described by (1.1) pro-
duces an orthogonal basis and a tridiagonal matrix similar to A after n steps, these
properties need not hold in finite precision. The effects of roundoff error on the ideal
Lanczos process were known to Lanczos when he published his algorithm in 1950.
Since then, much research has been devoted to better understanding this behavior,
and to devise more robust and stable algorithms.

Although s-step Krylov methods are mathematically equivalent to their classical
counterparts in exact arithmetic, it perhaps comes as no surprise that their finite
precision behavior may differ significantly, and that the theories developed for classical
methods in finite precision do not hold for the s-step case. It has been empirically
observed that the behavior of s-step Krylov methods deviates further from that of
the classical method as s increases, and that the severity of this deviation is heavily
influenced by the polynomials used for the s-step Krylov bases (see, e.g., [1, 4, 17, 18]).

Arguably the most revolutionary work in the finite precision analysis of classical
Lanczos was a series of papers published by Paige [25, 26, 27, 28]. Paige’s analysis
succinctly describes how rounding errors propagate through the algorithm to impede
orthogonality. These results were developed to give theorems which link the loss of
orthogonality to convergence of the computed eigenvalues [28]. No analogous theory
currently exists for the s-step Lanczos method.

In this paper, we present, for the first time, a complete rounding error analysis
of the s-step Lanczos method. Our analysis here for s-step Lanczos closely follows
Paige’s rounding error analysis for orthogonality in classical Lanczos [27].

We present upper bounds on the normality of and orthogonality between the
computed Lanczos vectors, as well as a recurrence for the loss of orthogonality. The
derived bounds are very similar to those of Paige for classical Lanczos, but with
the addition of an amplification term which depends on the condition number of
the Krylov bases computed every s steps. Our results confirm theoretically what
is well-known empirically: the conditioning of the Krylov bases plays a large role in
determining finite precision behavior. In particular, if one can guarantee that the basis
condition number is not too large throughout the iteration, the loss of orthogonality
in the s-step Lanczos method should not be too much worse than in classical Lanczos.
As Paige’s subsequent groundbreaking convergence analysis [28] was based largely on
the results in [27], our analysis here similarly serves as a stepping stone to further
understanding of the s-step Lanczos method.

The remainder of this paper is outlined as follows. In Section 2, we present
related work in s-step Krylov methods and the analysis of finite precision Lanczos. In
Section 3, we review a variant of the Lanczos method and derive the corresponding
s-step Lanczos method, as well as provide a numerical example that will help motivate
our analysis. In Section 4, we first state our main result in Theorem 4.2 and comment
on its interpretation; the rest of the section is devoted to its proof. In Section 5,
we recall our numerical example from Section 3 in order to demonstrate the bounds
proved in Section 4. Section 6 concludes with a discussion of future work.

2. Related work. We briefly review related work in s-step Krylov methods as
well as work related to the analysis of classical Krylov methods in finite precision.

2.1. s-step Krylov subspace methods. The term ‘s-step Krylov method’,
first used by Chronopoulos and Gear [6], describes variants of Krylov methods where
the iteration loop is split into blocks of s iterations. Since the Krylov subspaces
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required to perform s iterations of updates are known, bases for these subspaces can
be computed upfront, inner products between basis vectors can be computed with one
block inner product, and then s iterations are performed by updating the coordinates
in the generated Krylov bases (see Section 3 for details). Many formulations and
variations have been derived over the past few decades with various motivations,
namely increasing parallelism (e.g., [6, 35, 36]) and avoiding data movement, both
between levels of the memory hierarchy in sequential methods and between processors
in parallel methods. A thorough treatment of related work can be found in [17].

Many empirical studies of s-step Krylov methods found that convergence often
deteriorated using s > 5 due to the inherent instability of the monomial basis. This
motivated research into the use of better-conditioned bases (e.g., Newton or Cheby-
shev polynomials) for the Krylov subspace, which allowed convergence for higher s
values (see, e.g., [1, 16, 18, 31]). Hoemmen has used a novel matrix equilibration and
balancing approach to achieve similar effects [17].

The term ‘communication-avoiding Krylov methods’ refers to s-step Krylov meth-
ods and implementations which aim to improve performance by asymptotically de-
creasing communication costs, possibly both in computing inner products and comput-
ing the s-step bases, for both sequential and parallel algorithms; see [9, 17]. Hoemmen
et al. [17, 24] derived communication-avoiding variants of Lanczos, Arnoldi, Conjugate
Gradient (CG) and the Generalized Minimum Residual Method (GMRES). Details of
nonsymmetric Lanczos-based CA-KSMs, including communication-avoiding versions
of Biconjugate Gradient (BICG) and Stabilized Biconjugate Gradient (BICGSTAB)
can be found in [4]. Although potential performance improvement is our primary
motivation for studying these methods, we use the general term ‘s-step methods’ here
as our error analysis is independent of performance.

Many efforts have been devoted specifically to the s-step Lanczos method. The
first s-step Lanczos methods known in the literature are due to Kim and Chronopou-
los, who derived a three-term symmetric s-step Lanczos method [19] as well as a
three-term nonsymmetric s-step Lanczos method [20]. Hoemmen derived a three-term
communication-avoiding Lanczos method, CA-Lanczos [17]. Although the three-term
variants require less memory, their numerical accuracy can be worse than implemen-
tations which use two coupled two-term recurrences [15]. A two-term communication-
avoiding nonsymmetric Lanczos method (called CA-BIOC, based on the ‘BIOC’ ver-
sion of nonsymmetric Lanczos of Gutknecht [14]) can be found in [2]. This work
includes the derivation of a new version of the s-step Lanczos method, equivalent in
exact arithmetic to the variant used by Paige [27]. It uses a two-term recurrence like
BIOC, but is restricted to the symmetric case and uses a different starting vector.

For s-step KSMs that solve linear systems, increased roundoff error in finite pre-
cision can decrease the maximum attainable accuracy of the solution, resulting in a
less accurate solution than found by the classical method. A quantitative analysis of
roundoff error in CA-CG and CA-BICG can be found in [3]. Based on the work of [34]
for conventional KSMs, we have also explored implicit residual replacement strategies
for CA-CG and CA-BICG as a method to limit the deviation of true and computed
residuals when high accuracy is required (see [3]).

2.2. Error analysis of the Lanczos method. Lanczos and others recognized
early on that rounding errors could cause the Lanczos method to deviate from its
ideal theoretical behavior. Since then, various efforts have been devoted to analyzing,
and explaining, and improving the finite precision Lanczos method.

Widely considered to be the most significant development was the series of pa-
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pers by Paige discussed in Section 1. Another important development was due to
Greenbaum and Strakos, who performed a backward-like error analysis which showed
that finite precision Lanczos and CG behave very similarly to the exact algorithms
applied to any of a certain class of larger matrices [12]. Paige has recently shown
a similar type of augmented stability for the Lanczos process [29]. There are many
other analyses of the behavior of various KSMs in finite precision, including some
more recent results due to Wiilling [37] and Zembke [38]; for a thorough overview of
the literature, see [22, 23].

A number of strategies for maintaining the orthogonality among the Lanczos
vectors were inspired by the analysis of Paige, such as selective reorthogonalization [30]
and partial reorthogonalization [32]. Recently, Gustafsson et al. have extended such
reorthogonalization strategies for classical Lanczos to the s-step case [13].

3. The s-step Lanczos method. The classical Lanczos method is shown in
Algorithm 1. We use the same variant of Lanczos as used by Paige in his error
analysis for classical Lanczos [27] to allow easy comparison of results. This is the
first instance of an s-step version of this particular Lanczos variant; other existing
s-step Lanczos variants are described in Section 2.1. Note that as in [27] our analysis
will assume no breakdown occurs and thus breakdown conditions are not discussed
here. We now give a derivation of s-step Lanczos, obtained from classical Lanczos in
Algorithm 1.

Algorithm 1 Lanczos

Require: n-by-n real symmetric matrix A and length-n starting vector vy such that
[voll2 =1
1: ug = A’UO
2: for m = 0,1, ... until convergence do
3: X = V1 Uy,
Wiy, = Uy, — O Uy,
B = lwmlla
Umt1 = Wi/ Bm1
Um+1 = Avm+1 - ﬂm—!—lvm
end for

N>

Suppose we are beginning iteration m = sk where k € N and 0 < s € N. By
induction on lines 6 and 7 of Algorithm 1, we can write

Vshigjr Usktj € Kogr1 (A, vsr) + Koy (A, usk) (3.1)

for j € {0,...,s}, where K;(A, x) = span{z, Ax,..., A" 'x} denotes the Krylov sub-
space of dimension 7 of matrix A with respect to vector x. Note that since ug = Awvg,
if K = 0 we have

Vi, Uj € ICS+2(A, Uo).

for j € {0,...,s}.

For k > 0, we then define ‘basis matrix’ Vi, = [V, U], where Vi, and Uy, are size
n-by-(s + 1) matrices whose columns form bases for Ksy1(A,vs) and Ksp1(A, usk),
respectively. For k = 0, we define ) to be a size n-by-(s + 2) matrix whose columns
form a basis for Ksy2(A4,v0). Then by (3.1), we can represent vspy; and ugpyj, for
j €40,...,s}, by their coordinates (denoted with primes) in Yy, i.e.,

! /
Usktj = ViV js Usk+j = ViU, ;- (3.2)
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Note that for k¥ = 0, the coordinate vectors are length s 4+ 2 and for £ > 0, the
coordinate vectors are length 2s + 2. We can write a similar equation for auxiliary
Vector Wep+j, 1.€., Wsktj = ykwfw- for j € {0,...,s —1}. We define also the Gram
matrix Gy, = YT Vi, which is size (s +2)-by-(s +2) for k = 0 and (2s + 2)-by-(2s + 2)
for k£ > 0. Using this matrix, the inner products in lines 3 and 5 can be written

T T )T T
Qaktj = Vgpy jUsksj = Vg ;1 Vi Vet ; = vy ;Gruy ;  and (3.3)
T 1/2 IT Ty 7 \1/2 T roN1/2
Bakri+r = (Whey jwaes)? = (wil, VEVew), )V = (wil; Gy, ;)2 (3.4)

We assume that the bases are generated via polynomial recurrences represented by
the matrix By, which is in general upper Hessenberg but often tridiagonal in practice.
The recurrence can thus be written in matrix form as

AY, = VB

where By, is size (s + 2)-by-(s +2) for k = 0 and size (2s + 2)-by-(2s + 2) for k > 0,
and ), = [Vk[ls,0571}T,0n71,Uk[IS,0371]T,On71]. Therefore, for j € {0,...,s — 1},

Avsk+j+1 = Aka;c’j+1 = Azkvk)j+1 = kakU;c,j+1' (35)

Thus, to compute iterations sk + 1 through sk + s in s-step Lanczos, we first
generate basis matrix )y such that (3.5) holds, and we compute the Gram matrix
Gy from the resulting basis matrix. Then updates to the length-n vectors can be
performed by updating instead the length-(2s 4+ 2) coordinates for those vectors in
Yi. Inner products and multiplications with A become smaller operations which
can be performed locally, as in (3.3), (3.4), and (3.5). The complete s-step Lanczos
algorithm is presented in Algorithm 2. Note that in Algorithm 2 we show the length-
n vector updates in each inner iteration (lines 16 and 18) for clarity, although these
vectors play no part in the inner loop iteration updates. In practice, the basis change
operation (3.2) can be performed on a block of coordinate vectors at the end of each
outer loop to recover vgp4; and ugg4i, for i € {1,...,s}.

3.1. A numerical example. We give a brief example to demonstrate the behav-
ior of s-step Lanczos in finite precision and to motivate our theoretical analysis. We
run s-step Lanczos (Algorithm 2) on a 2D Poisson matrix with n = 256, ||A||2 = 7.93,
using a random starting vector. The same starting vector is used in all tests, which
were run using double precision. Results for classical Lanczos run on the same prob-
lem are shown in Figure 3.1 for comparison. In Figure 3.2, we show s-step Lanczos
results for s = 2 (left), s = 4 (middle), and s = 8 (right), using monomial (top), New-
ton (middle), and Chebyshev (top) polynomials for computing the bases in line 3.
The plots show the number of eigenvalue estimates (Ritz values) that have converged,
within some relative tolerance, to a true eigenvalue over the iterations. Note that we
do not count duplicates, i.e., multiple Ritz values that have converged to the same
eigenvalue of A. The solid black line y = x represents the upper bound.

From Figure 3.2 we see that for s = 2, s-step Lanczos with the monomial, Newton,
and Chebyshev bases all well-replicate the convergence behavior of classical Lanczos;
for the Chebyshev basis the plots look almost identical. However, as s increases,
we see that both convergence rate and accuracy to which we can find approximate
eigenvalues within n iterations decreases for all bases. This is clearly the most drastic
for the monomial basis case; e.g., for the Chebyshev and Newton bases with s = 8,
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Algorithm 2 s-step Lanczos

Require: n-by-n real symmetric matrix A and length-n starting vector vy such that

[voll2 =1
1: ug = A'UO
2: for £k =0,1,... until convergence do
3: Compute Vi with change of basis matrix By
4: Compute Gy, = ykTyk
5: ’U;c,O =e1
6: if £ =0 then
7: up o = Brey
8: else
9: uko = est2
10: end if
11: for =0,1,...,s—1do
12: Osltj = vngkuka
13: w}w = uﬁw. — askﬂv;w.
14: Bsk+j+1 = (ijkaﬁc,j)l/Q
15: v;g,j+1 = w;g)j/ﬂsk+j+1
16: Usk+j+1 = ykv;€7j+1
17: Uy j41 = BrVg j o1 — Bekrir1vy
18: Usk+j+1 = Vil j 1
19: end for
20: end for

Eigenvalue convergence, classical Lanczos

250

tol=107*
tol=10712
tol=10"®
tol=10"*

200

of true eigenvalue

150

100

to within tol * ||A]|

Number of computed eigenvalues converged
2

0o 50 100 150 200 250
Iteration

Fic. 3.1. Number of converged Ritz values versus iteration number for classical Lanczos.

we can at least still find eigenvalues to within relative accuracy /€ at the same rate
as the classical case.

It is clear that the choice of basis used to generate Krylov subspaces affects the
behavior of the method in finite precision. Although this is well-studied empirically
in the literature, many theoretical questions remain open about exactly how, where,
and to what extent the properties of the bases affect the method’s behavior. Our
analysis is a significant step toward addressing these questions.

4. The s-step Lanczos method in finite precision. Throughout our analy-
sis, we use a standard model of floating point arithmetic where we assume the compu-
tations are carried out on a machine with relative precision e (see [11]). Throughout
the analysis we ignore € terms of order > 1, which have negligible effect on our results.
We also ignore underflow and overflow. Following Paige [27], we use the € symbol to
represent the relative precision as well as terms whose absolute values are bounded
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Eigenvalue convergence, s=2,monomial basis Eigenvalue convergence, s=4,monomial basis Eigenvalue convergence, s=8,monomial basis

° ° °

S 250 S 250 S 250

=2 = =2 = 29 =

85 tol=10744 85 tol=10744 85 tol=10744

5% 1012 £g 1012 I 1012

se tol=10 se tol=10 se tol=10

85 200 ——qo1=10°® 85 200 ——qo1=10°® 85 200 ——1o1=10°®

=9 104 =9 104 =9 104

gs tol=10 gs tol=10 gs tol=10

TZ 150 5< 150 §Z 150

55 55 55

o o o

o= o= o=

e < <

£= 100 £= 100 2= 100

ax ax ax

£35S £35S £35S

o= o= o=

Sc Sc Sc

BE 50 BE 50 BE 50

53 52 - | 53

So So g PN 29

E” E” E”

= ok~ = ok~ = ok~

z 0 50 100 150 200 250 Z 0 50 100 150 200 250 Z 0 50 100 150 200 250
Iteration Iteration Iteration

- Eigenvalue convergence, s=2, Newton basis - Eigenvalue convergence, s=4, Newton basis - Eigenvalue convergence, s=8, Newton basis
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Fic. 3.2. Number of converged Ritz values versus iteration number for s-step Lanczos using
monomial (top), Newton (middle), and Chebyshev (bottom) bases for s = 2 (left), s = 4 (middle),
and s = 8 (right).

by the relative precision.

We will model floating point computation using the following standard conven-
tions (see, e.g., [11]): for vectors u,v € R™, matrices A € R"*™ and G € R™*", and
scalar «,

—av — dw, [dw| < (|u] + 2]av])e,
(v—i—év) |6v] < nelv],
(A+ 6A) |0 A] < me|A],
ATA+6E, I6E| < ne|AT||A], and
(u+ 6u)T (G + 6G), |0u] < nelu|, |0G] < ne|G.

fllu—av
flvu

)
)
fl(Au)
)
)

FI(ATA
fl(u™ (Go)

where f1() represents the evaluation of the given expression in floating point arithmetic
and terms with § denote error terms. We decorate quantities computed in finite
precision arithmetic with hats, e.g., if we are to compute the expression oo = v u in
finite precision, we get & = fl(vTu).

We first prove the following lemma, which will be useful in our analysis.

LEMMA 4.1. Assume we have rank-r matriz Y € R™*", where n > r. Let YT

denote the pseudoinverse of Y, i.e., YT = (YTY)"YYT. Then for any vector v € R",
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we can bound
1Yz ll2 < Y l2llz]l2 < T[[Y2]l2.

where T = |[Y7*{|, [ V][], < V7 [[Y*[l, Y]],
Proof. We have

Y Mzl llz < 1Y Tll2ll2ll2 < Y TIY Yl < [Y21Y T ll2lY 2]l < DY 2|2.

0

We note that the term I'" can be thought of as a type of condition number for
the matrix Y. In the analysis, we will apply the above lemma to the computed
‘basis matrix’ yk We assume throughout that the generated bases Z/{k and Vk are
numerically full rank. That is, all singular values of U, and V), are greater than
en - 211982 91] where ¢y is the largest singular value of A. The results of this section
are summarized in the following theorem:

THEOREM 4.2. Assume that Algorithm 2 is implemented in floating point with
relative precision € and applied for sk+j steps to the n-by-n real symmetric matriz A,
starting with vector vg with ||voll2 = 1. Let o = |||A]ll2/||All2 and T = |||Bk|||l2/1|All2,
where By, is defined in (3.5), and let

T, = max ||J/+H |||yZ|H2>1 and T, = max T;.
1€{0,... i€{0,...,k}

Then Gsk4j, Bsk+j+1; and Ugp4j+1 will be computed such that

. . . . . r .
AViseyj = Vit i Tsk+j + Bskj+10sk+j+1€564 541 — O Vakts
with
‘/Sk+] [v07v17"'7ﬁ8k+j]
SVikij = [000, 001, ..., 605 44]
o P
- B1
Topyj = R
. ﬂskJrj
Bsk+j dsk+j
and

[00sk+ll2 < €((n+25+5)0 + (45+9)7 + (105+16)) Tk [|All2,  (4.1)
Bsorja1|00eq Oshaj1] < 2e(n+11s+15)| Al|2TF,
00y js10sk4je1 — 1] < e(n+8s+12)T%,  and

/5sk+g+1 + Oéskﬂ + ﬁskﬂ HA@skJer%‘ <
4€(sk+j+2) ((n+2s+5)0 + (4s4+9)7 + (3n+40s+58))T7 || All5.  (4.4)
Furthermore, if Rqyy; is the strictly upper triangular matriz such that

Vs Verrs = Rlyj + diag(Vi i Vikrs) + Rekgs
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then

TaprjRaksj — Ronaj Dokt = Bskrjs1Vans sk tjr1€mprjar + Hertjs (4.5)

where Hgp4; is upper triangular with elements n such that

In1.1] <2e(n+11s+15)||Al|2T%, and for i € {2,...,sk+j+1},
|:.:] <de(n+11s+15)||Al2T,
Ini—1,i| <2€((n+25+5)0+(4s+9)7 + n+185+28)T7[ A2,
ne,i| <2€((n+2545)0+(4s4+9)7,+(10s+16)) T3 ||All2, for L€ {1,...,i—2}.

Remarks. This generalizes Paige [27] as follows. The bounds in Theorem 4.2 give
insight into how orthogonality is lost in the finite precision s-step Lanczos algorithm.
Equation (4.1) bounds the error in the columns of the resulting perturbed Lanczos
recurrence. How far the Lanczos vectors can deviate from unit 2-norm is given in (4.3),
and (4.2) bounds how far adjacent vectors are from being orthogonal. The bound
in (4.4) describes how close the columns of AV, and Tygy; are in size. Finally, (4.5)
can be thought of as a recurrence for the loss of orthogonality between Lanczos vectors,
and shows how errors propagate through the iterations.

One thing to notice about the bounds in Theorem 4.2 is that they depend heavily
on the term Ty, which is a measure of the conditioning of the computed s-step Krylov
bases. This indicates that if T';, is controlled in some way to be near constant, i.e.,
Iy, = O(1), the bounds in Theorem 4.2 will be on the same order as Paige’s analogous
bounds for classical Lanczos [27], and thus we can expect orthogonality to be lost at
a similar rate. The bounds also suggest that for the s-step variant to have any use,
we must have Ty, = o(e~'/?). Otherwise there can be no expectation of orthogonality.
Note that |||Bg|||2 should be < |[|A]||2 for many practical basis choices.

Comparing to Paige’s result, we can think of sk + j steps of classical Lanczos as
the case where s = 1, with )y = I, , (and then vgp4; = Ul/mﬁ B = A). In this case
Iy =1 and 7 = o and our bounds reduce (modulo constants) to those of Paige [27].

4.1. Proof of Theorem 4.2. The remainder of this section is dedicated to the
proof of Theorem 4.2. We first proceed toward proving (4.3).
In finite precision, the Gram matrix construction in line 4 of Algorithm 2 becomes

G = flIVFVL) = ViV +6Gy,  where 0G| < en| V|| Vkl, (4.7)
and line 14 of Algorithm 2, becomes By j41 = f1( f1(d}L;Gray ;)'/?). Let
d = fl(i Gy, ;) = (W + 6 (Gl + 6Giew, ),
= W VIV, + @i 0Gdy, ; + 0 0G0y, 5 + S0 G, 5,
where
|0y, ;| < €(25+2)[w), ;| and
0G 1w, < €(25+2)|Gyl.

Remember that in the above equation we have ignored all € terms. Now, we let
_ T A1 AT § A A1 AT A A
c= wk,jékakJ + waéGk,ijk,j + 5wk7ijwk7j, where

| < e(n+ds+4)TF || Vb, ;13- (4.10)
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We can then write

. . Yot |12 .
0= [Pty |+ = [T |+ o 2alls 5, 0 2 (1 + )
Vi EwE

k kJHZ

and the computation of Bskﬂ'“ becomes

Bakrjrr=FUVA) =Vd + 6Bspsj1 = ||3>k1%,j||2<1+5)c>+5ﬂsk+j+1, (4.11)

2| Vi, ;13
where
‘(5ﬂ5k+j+1| < E\/g = 6||j}k’lf};€7j||2. (4.12)
The coordinate vector @;c j+1 18 computed as
Oy o1 = U j/Bskrjr1) = (W, ; + 00y ;) / Bsk+jr1s (4.13)
where
|02y, ;| < elavy, ;. (4.14)

The corresponding Lanczos vector Usxyj4+1 (as well as tigx4541) are recovered by
a change of basis: in finite precision, we have

Saktgir = Akt g41) = (Do Dby )0hgins [0kl < e(2542)| il (4.15)
and
skt jrr = FlO), 1) = (yk + 0V, +1)uk 41 \53>k,uj+1| < €(25+2)[ V|- (4.16)
We can now prove (4.3) in Theorem 4.2. Using (4.11), (4.13), and (4.15),
@£c+j+1@sk+j+1 = @;CTJHO}k + 5:)>k’”j+l)T(j>k + 5\)>k’“j+l)ﬁ;c,j+1

w,” + 5“% T R it 6wkj
=|— (yk y}c+25ykv+1yk) —

Bsktja1 Bektjt1
) o -~ /T /
B [Vpaty, ;113 4 24y 5ykv +1ykwkj +26wkjyk ykwk,j

Bsk—&-]—&-l
) oAl 12 ~1T sOT ) A ~1T TN, o2/
B ||ykwk,jH2+2wk,j5yk,vj+1ykwk,j + 20wy, ; Vi Viey,

IV 4113 + (¢ + 21 Pkdp, 12 - 6Bs+j41)

g llz 1Yk 113 (e + 20|Vt 512 - 6Bshs41)
1V, ;113 1y, ;13
N 2[| Wty ;113 (. ]5yk; v +1ykwkj + 0wy, gy ykw;c,j)
| Dby, ;13

et 2”)}/#2);@’]-”2 6 Bsk4j+1
Vgt 5113
2T 5yk o +1j},cwk St suwk ]yk 37;@1@;734)

1V ;13
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Now, using bounds in (4.7), (4.8), (4.9), (4.10), (4.15), (4.16), and Lemma 4.1, we
obtain
|65Tk+j+1ﬁsk+j+1 — 1] <e(n+4s+4)T7 + 2¢ + 2€(25+2)T, + 2€T'y,
<e(n+4s+4)I'% + €(4s+6)T'), + 2¢
<e(n+8s+12)I'%.

This thus proves (4.3), and we now proceed toward proving (4.2). Using (4.9), line 12
in Algorithm 2 is computed in finite precision as

sy = PO Grily ;) = (015 + 0015) (Gr + 0G5

where |60} ;| < €(2s+2)|0} ;| and |5C§'k7u].| < €(2s 4 2)|Gy|. Expanding the above
equation using (4.7), and (4.15), we obtain
Gty j =00 Gt ; + 030Gk, ik, ; + 001 G,
=0 (VF Vi + 0G) i, ; + 040G, 0y ; + 007, Gy
=0 V8 Vet 5 + 040Gk, 5 + 010Gk, Uy 5 + 0017, Gy,
=(Dskts — 0k, 00 ;)" (lskgj — OVu, Uh ;) + V3 0Gilg ; + 040Gk ik 5
+ 00,7 Gy,
=04 jskts + Oskij, (4.17)

with S6very; = 6017 Gy, ; + 07 (6Gk + 6Gh uy — VL Vku, — SVE, Vi)l -
Using bounds in (4.3), (4.7), (4.8), (4.9), (4.15), and (4.16), as well as Lemma 4.1,
we can write (again, ignoring €2 terms),
|66rsk45] Se(n+8s+8)[0r |V || Vel ;1
<e(n+8s+8) || Villog s ll2 1D5llaf 51 Il2
<e(n+85+8)(Pkl[Oskrjll2) (Tklldsh+4]2)
<e(n+85+8) (Ti (1 + (¢/2)(n+8s+12)I'7)) (T || dhsi+;l2)
<e(n+85+8) L'k (Ik|tsk+2)
<e n+88+8)FiHﬂsk+J‘H2- (4.18)

Taking the norm of (4.17), and using the bounds in (4.18) and (4.3), we obtain the
bound

st s <ID5 12l shrsll2 + |06kt ;]
<(1+ (€¢/2)(n+8s+12)I'7) ||kt 2 + €(n+85+8)TF || iskrs]l2

g(l + e((3/2)n+12s+14)rﬁ) sk s]l2. (4.19)
In finite precision, line 13 of Algorithm 2 is computed as
u?fm- = ﬁﬁw- — &Skﬂ-f};’j — (5w§w—, where |(5w§w-| < e(fay ;| + 2|o”zsk+j13§€7j|). (4.20)
Multiplying both sides of (4.20) by Ve gives

SR SV ~ SV, $ /
ykw}c’j = VU ; — OlskJrjyk'UkJ - yk(;wk,ja
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and multiplying each side by its own transpose, we get

AIT YT~y A7 Sy ~ Ny Al \ / T~y ~1 ~ ) A~ ' /
wk,jyk ykwk,j = (ykuk,j—Oéslcﬁ-jylcvk,j—yk(swkd) (ykukﬂ‘—ask-i-jykvk,j—yk(swk,j)
AT YT~y a1 ~ ~1T YT~y 1 A2 ~1T YT~y A7
= U Vi Vit j — 205k, Ve YeOp,j + Qg O Vi Vil 5

— dwn I (Vi — Gt Vi ;) — (Vi — Gt VO ;) T Vi), ;.
Using (4.15) and (4.16), we can write

12}27;3}1?5)1@@;” = (Usk+j — §J>k,ujﬁ;€,j)T(a5k+j - 55)’“’“1%73’)

— 20tk (Uskrj — 55)’@,% ﬁ;c,j)T(@Sk“ - 65)’“’” O 5)
+ 62 (Bt — 8 V0; O )T (Bt — V0,0 )
— 20wV (Wit ; — Gty j V% ;)

= Ay sy — 2004 10V, Wy j — 26Ul Dk
+ 20b0akp 00 0 h i, O j + 20k U0V, Dare
+ &2y Ok Oskaj — 2d§k+j@sTk+j53>’“’j Ok
— 25’(1}2‘?])}]31(3}]6’&2‘7] - OAésk-‘rjj)k@;CJ)

= liggy jUsiors — 200skt g Oskts + Capy jUsg jOsors
_ 2(55}k,u3 a;c,j — OAésk-i-jéj}k,’Ujﬁ;c,j)T(ﬂSk‘f'j - CAYsk:-l-jﬁsk:-ﬁ-j)

1T ST [~y o~ ~ PV
= 20wy, ; Ve Vil j — Qo j Vi, 5)-
This can be written

Vi ;115 = tiskrsl3 — 20skqsingy Dsits + 6oy ;I 0skrsll3

Y A~/ ~ " A1 $ 1 \NT /.~ ~ ~
= 2(0 ke yu; Wy j — Cstir jOVkw; U j + VeOwy ;)" (Uskyj — skt jOskrs)s

where we have used yka;w — d5k+jykﬁ§€,j = Ushtj — QshtjUsky; + O(€). Now, us-
ing (4.17),

1V 115 = laskrill3 = 26sk45(Qshrj — O@shts) + Aoy l|Osh 41l
— 2(6 Yk, Wy ; — Qs OV k0, O s + VieOwh ;) (lisksj — st jDsirs)
= lltskts 13 + 620y 10kt 15 — 2) + 265kt 65kt

Y A~/ ~ " A~/ $ 1 \NT/r ~ ~
= 20 ke yu; Wy j — st jOVkw; U j + VeOwy ;)7 (Uskyj — skt jOskrs)-
Now, we rearrange the above equation to obtain

1Vetr 115 + &2y — Nskrslls = 62 (10sk45113 — 1) + 26sk4 0k s

' ~ ~ S ~/ e / T/ A~ ~ ~
- 2(6yk,u_7~uk7j - askJrj(syk,vj’Uk)j + yk(swkd) (usk+j - ask+jvsk+j)~

Using Lemma 4.1 and bounds in (4.3), (4.15), (4.16), (4.18), (4.19), and (4.20),
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we can then write
[Pkt ;115462 = liskrs |15 < (1+e((3/2)n+12s+14)rz)2. e(n+8s+12)T¢ [tk 153
+ 2(1+e((3/2)n+123+14)r§)- e(n+85+8)T2|tgp |2
+ 2¢((25+2) + (25+2) + 3) Tl skt ll2 - 2l|shrjl2

< €(n+85+12)IF || tsk5 |3 + 26(n+85+8) T3 | skt I3
+ €(165+28)T || Usk 45113,

where, again, we have ignored €? terms. Using 'y, < Fi, this gives the bound
1Vkds, 15 + A3y = Nskss |15 < e(3n+405+56)1F [[ign-5/5- (4.21)
Given the above, we can also write the bound
1Veh 5115 < 1Vwiby 5113 + G2y < (1+ e(Bn+40s+56)1F) o513, (4.22)

and using (4.10), (4.11), and (4.12),

A SN C
|Bsk+jr1l < | Vet ;12 (1 +e+ )

2| Yy, ;113

< (14 (1/2)e(3n+405+56)02) [ agprilla | 1+ €+ ——o
J A1 12
2[| Yy, ;12
< (1+ e+ (1/2)e(n+4s+4)TF + (1/2)e(3n+405+56)T7) || tskr5]|2-
Combining terms and using 1 < Fi, the above can be written
Bokrgra] <(1+ e(2n+2254+31)T2) ||tgrss - (4.23)
Now, rearranging (4.13), we can write
Bsk+j+1{);c,j+1 = w;@j + 51D;c,jv
and premultiplying by j}k, we obtain
Bsk+j+15)}c@;@,j+1 = j}kw;CJ + 571@51172;,]--
Using (4.15), this can be written
Bskir1 (Osktjrr — 6j}k7vj+1@l/€7j+1) = J}kw;g] + 3>k51ﬂfc,j~
Rearranging and using (4.13),
Boktijt1Osktjr1 = j’k?/fl;g,j + )}kéw;g7j + Bsk+j+155)k,vj+1@;g,j+1
= Vb, ; + V0t ; + 0k vy, (W ; + 00, ;)
= Vwidy, j + Vi ; + 0V, W 5

= yku”;;’j + 5wsk+j, (424)
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where dwgpt; = j)k&bfw + 5)%7@”1121;6’]». Using Lemma 4.1 and bounds in (4.14),
(4.15), and (4.22),

0wskrjlla < €ll|Vrllwy ;2 + €(2s+2) || V| [y ;|2
< €(25+3)0l| Vet 12

< 6(28+3)F/€Hﬁ8k+]‘“2. (4.25)

We premultiply (4.24) by ﬁgﬁ_j and use (4.15), (4.16), (4.17), and (4.20) to obtain

~ ~T N AT S
Boktj+10sk 4 jOskjr1 = Ogppy (Vay j + 6Wsk;)

(
= @STkJrj y’cﬁ;c,j - @Skﬂj}kﬁ;c,j - j)kéw;c,j) + ﬁZk+j5wsk+j
T o A o T -
= Oy (Phti j — Qo V) ) — Dapyj (VrOw), ; — Owsry ;)
= 00 (g g — 6Pk T ) — Qg j (Dskgs — Ok, O ;)
- @Zk+j (yk(;w;cJ - 5wsk+j)
= Dlyp jlskrs — sk OspOshg
— 0t (O ks Wy j = sk 56k, 04 j + Vi) ; — Sy ;)
= (Qshpj = 0@shtj) — Qskpjl|Oshsll5
= 05 Ok Wy j — s OV, O j + ViOW j — Owas )
= —0dtskrj — Aok (D453 — 1)
- @gk_i,-j(é«)}k,u]‘ﬂ;gd - dsk+j6\)>k,vj'[};g,j + 3>k5w§€7j — 0Wsktj),
and using Lemma 4.1 and bounds in (4.3), (4.13), (4.15), (4.16), (4.18), (4.19), (4.20),
and (4.25), we can write the bound

BskJerrl 'ﬁsTkH@skJer < [0éspj] + |dsk+j||@z;g+j@sk+j -1
+ 105512 (6D ks N 1 12 + [shr s 1116V n,0; 110 1 l12)

+ [Osks 2 (V10w i1 |2 + [6wsk+512)
< 26(n+11s+15)TF || skt 2- (4.26)

This is a start toward proving (4.2). We will return to the above bound once we
later prove a bound on ||@s+j]|2. Our next step is to analyze the error in each column
of the finite precision s-step Lanczos recurrence. First, we note that we can write the
error in computing the s-step bases (line 3 in Algorithm 2) by

where ik = DA/;C[IS, 0s1]%, On,l,LA{k[IS, 05.1]7, Oml]. It can be shown (see, e.g., [3]) that
if the basis is computed in the usual way by repeated SpMVs,

6E| < e(B+n)|AlIV, | + 4Dkl 1Br]). (4.28)
In finite precision, line 17 in Algorithm 2 is computed as

ﬁ‘;c,j = Bk@;c,j_ﬁskJrj@;c,jfl—’_éu;c,j7 |5U;c,j| < 6((28+3)|Bk”@;c,j |+2|Bsk+j@k,jfl|)7 (4.29)
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and then, with Lemma 4.1, (4.15), (4.16), (4.27), and (4.29), we can write

st = Vi + 0Vu, )l

= (Ve + 6V, (Briy, ; — BskJrjﬁ;q,j—l + duj, ;)

= ViBi}, ; — Beor i Vit j—1 + Vidtthy j + 6V, Bty — Bsorj0Vnu, O i1

= (AY, = 0Bk)0; ; — Bakyj (Dskrj—1 — 0Vkw; 181 1) + Vibuj, ;
+ 6V, Byvy, ; — Bert 0k, L/

= Aik%,j — 0By, 5 — BakrjOskrj1 + Bsk+j65)k,vj_1@;g7j—l + \)}k(su;gd'
+ 5)>k,uj Bkﬁ;c,j - Bsk+j5j)k,uj ﬁ;w'—l

= ADskrj — 0k, 0k ;) — OERDy ; — BaktsVskti1 + BskriOVkw, 1 Ok j1
+ Vlttfy ; + 6V, Bith ; — Bsot 50V, 0 i1

= Abgjtj — Aéjikwj@;,j — 0By, ; — Bsk+j@sk+j—1 + BSk-ﬁ-jéj}kaj*l{};%j_l
+ Vebug, ; + 0k, Biiy ; — Bakr 0Pk, O j1

= Abgirj — BskrjDskrj—1 + sk, (4.30)

where
OUsktj = JAJk(Su;g,j - (A(Sj}k,vj - 53>k,uj By, + 5Ek)/f];€,j + Bsk-ﬁ-j(‘sj)’fvvjfl o 53}ka"1)ﬁ;€7j—1'

Using the bounds in (4.15), (4.16), (4.23), (4.28), and (4.29) we can write

[6usrss] < €((25+3) | Vel |Brll0 ;| + 2 Bk Vil ;1)
+ €(25+2) A Vil |94, ;| + €(2542)| V|| Br |5} ;1
+ €((3+n) | Al| V[0, ;| + 4Vl Brloy ;1)
+ 26(25+2)|Borer [ Vel |05 ; 1|
< €(n+25+5)| Al| Ve85, ;| + €(45+9)| Vil | B |97, |
+ €(4s+6) (1 + e(2n+225+31)T%) | tsrrj—1ll2 - [ Vel |0k -

and from this we obtain

16usk+sll2 < e(nt25+5) [[|Alllo || Pxlll2 15 ;112 + (4s+9) || Pxlll2 || 1Bkl ll2 II9%,
+ e(4s+6) | [l ll2 1195 ;1 ll2 st jall2
S €(n+28+5) H |A| ||2 Fk + 6(4S+9) || |Bk‘ ||2 Fk + 6(4S+6) ||’llsk+j,1||2 Fk

iz

We will now introduce and make use of the quantities o = |||A]||2/|| 4|2 and 7 =
[[1Bx!||l2/]|All2- Note that the quantity || |Bg|||2 is controlled by the user, and for many
popular basis choices, such as monomial, Newton, or Chebyshev bases, it should be
the case that |||Bg|ll2 < |||A4]|l2- Using these quantities, the bound above can be
written

H5u3k+jH2 < e(((n+25+5)0 + (45+9)7i) | All2 + (4s+6)||ﬁsk+j_1||2)Fk. (4.31)
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Manipulating (4.24), and using (4.15), (4.16), and (4.20), we have

Bokaja1Pskjil = )A)kl%,j + 0Wetj
= Vil ; — Gt Vil j — ViOwh ; + OWakt
= (ﬁskJrj_53>k,u_7ﬁ27j)_dsk+j (@sk+j—53>k,vj ﬁ]/g7j)_:)>k5w;g7j+6wsk+j
= ﬁ/skJrj_dsk+j@sk+j_(sj)k,ujﬁ;g,j—’_dskJrjéj)k,vj @f@,j—jjwwﬁm
+ dWskj,
and substituting in the expression for @y; in (4.30) on the right, we obtain
Boktja1Dsksji1 = ADsprj — QsbpiDsksj — BokrjOskij1 + 00shii (4.32)
where
5ﬁ5k+j = 5u5k+j - (5;)A}]€7uj’&;€7j + dsk+j5)>k,vjﬁ;€7j - J?kéwfcyj + 5wsk+j.
From this we can write the componentwise bound
|00sk45] < [0tshrs| + [0V k| 0 5| 4 Qs | 10Dk, | 10% ;1 4+ [ Vil 10w), | + [0wsk 51,
and using Lemma 4.1, (4.14), (4.15), (4.16), (4.19), (4.20), and (4.25) we obtain
100sk15ll2 < |0wskrjll2 + €(2s+2) [Vl ;1 ]2
+ (14 €((3/2)n+125+14)T7) [tk |2 - €(25+2) | [ Vel [ 51 1l2
+ el Vel 1 |2 + 2€(1 + e((3/2)n+125+14)07) [[ @k 12| Vi[9 51 1|2
+ €(25+43) k[l thsk+j2
< l0uskrjll2 + €(2s+2)k|[dskr;ll2 + €(25+2)T k|| tisk; |2

+ €L lltskrjll2 + 26Tk || Uskrjll2 + €(254+3) Tk | sk |2
< [[0usk+jll2 + €(65+10) Tk [|tspr 4 |2-

Using (4.31), this gives the bound

[60sk+5ll2 <

e( ((n+25+5)0-+ (45+9)7.) | All2-+ 65+ 10) [ l2+(A5+6) sk s1 12 ) Th- (4.33)

We now have everything we need to write the finite-precision s-step Lanczos
recurrence in its familiar matrix form. Let

&y P
T R
) Bsk+j
5sk+j é‘sk—&-j
and let Vsk+j = [ﬁo, V1y.n @sk-i-j] and 6Vsk+j = [(5’00, 001, ..., 5ﬁsk+j]~ Note that

Tsk+; has dimension (sk+j+1)-by-(sk+j+1), and Vskﬂ- and 5V5k+]— have dimension
n-by-(sk + j + 1). Then (4.32) in matrix form gives

. . R . R . R
AVsiyj = Vit i Tsktj + Bsktj+10sk+j+1€504 541 — O Vakt- (4.34)
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Thus (4.33) gives a bound on the error in the columns of the finite precision s-step
Lanczos recurrence. Again, we will return to (4.33) to prove (4.1) once we bound
|ste+l2-

Now, we examine the possible loss of orthogonality in the vectors 0y, . .., Usp4j+1-
We define the strictly upper triangular matrix R, ; of dimension (sk + j + 1)-by-
(sk+ j + 1) with elements p; ;, for 4,5 € {1,...,sk + j + 1}, such that

Ve iVerrs = BRIy + diag(Vah ,  Vikss) + Raks-

For notational purposes, we also define pgptjt1,sktjtr2 = @$c+jﬁsk+j+1~ (Note that
Psktj+1,sk+j+2 is not an element in Rg,;, but would be an element in Rgpyjt1).
Multiplying (4.34) on the left by Vi, ;, we get

S
T y _ 0T 7§ 7 A ST T ST ST
Vet jAVskri = Vg j Verti Lokt j + Boktj1 Ve jOsktj+1€sn4j41 — Ve jO Vet s

Since the above is symmetric, we can equate the right hand side by its own transpose
to obtain

. T - R B
Tt j(Ryprj + Rsirj) — (Rgppj + Rskrj) Tskrj =
A ST A T AT 9
5Sk+j+1(‘/:ek+jvsk+j+1esk+j+1 - esk+j+1vsk+j+1vsk+j)

+ Vsjz;ﬂ(s‘zekﬂ - 5Vs€+j Virets + diag(f/sql;+j Vairs) Totts — Tty diag(f/siﬂ Vit s)-

Now, let Mgy = T5k+]‘Rsk+j - Rskﬂ-fskﬂ-, which is upper triangular and has
dimension (sk + j 4+ 1)-by-(sk + j 4+ 1). Then the left-hand side above can be written
as Mgpyj — MS:’,;H, and we can equate the strictly upper triangular part of My,
with the strictly upper triangular part of the right-hand side above. The diagonal
elements can be obtained from the definition Mgx4; = TAsk_s_szkH — Rskﬂfskﬂ, ie.,

mi,1 = — Bip12, Mgkt j+1,sk+j+1 = Bsk+jPsk+j,shtj+1, and

My ; :ﬂiflpiflﬂ' — ﬂipi,i+1; for i€ {2, ey, 8k 4+ j}
Therefore, we can write
Mot = Tops i Rotrs — RetsiTonsi = Bsbrjr1Vek s Dsksit1€ s ivg + Hekrs
sk+j sk+jdlsk+j sk+jL sk+j sk+j+1Vsk45Vsk+j+1Csk454+1 sk+j»

where H,j4; has elements satisfying

mi=— 31,01,2,
Nii =Bi1pi-1i — Bipiit1, for i€ {2,... sk+j+1},

o b s e (4.35)
Nie1,i =0;_900;_1 — 00;_o0;—1 + Bi—1(0;_oli—2 — 0;_10;-1), and

Ne,i :ﬁg_lts’[)i_l —6@{_1’[@'_1, for fe {1,...,i—2}.
To simplify notation, we introduce the quantities

Ugkt; =  INax Gille, Th= max I;, and 7, = max 7.
K 0, sk} I ]2, {0,k ic{0,...k}
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Using this notation and (4.3), (4.23), (4.26), and (4.33), the quantities in (4.35) can
be bounded by

Im1] < 2e(n+11s+15) 1% Ggp44, and, for i € {2,...,sk+j+1},

.| < 4e(n+115+15) T3 tspr j,

mi-1,] < 26(((n+28+5)0 + (454+9)7) | All2 + (answgmskﬂ)fi’ and (4:36)

el < 2 ((n+25+5)0+ (45-+9)70) | All+(105+16) ) T2,

for 0 € {1,...,i—2}.

The above is a start toward proving (4.6). We return to this bound later, and
now shift our focus towards proving a bound on ||@sg+;||2. To proceed, we must first
find a bound for [0} | 05kt 2| From the definition of Mgy, we know the (1,2)
element of My ; is

Gopra — Gapra — Papis = Mo,
and for ¢ > 2, the (i—1,7) element is
Bi72pif2,i + (Gimo — Gi1)pi-1,i — Bz‘mq,iﬂ =Mi—1,-
Then, defining
& = (di72 - 07#1)3#1/%71,1' - Biflnifl,i
fori € {2,...,sk+j}, we have
Bic1Bipi—tiz1 = BioBi1pioi + & =&+ &1+ ... + &
This, along with (4.19), (4.23), (4.26), and (4.36) gives

. . R R o X
Bsk+j—1Bsk+5|Pskti—1,sk+i+1| = Bsktj—1Bsk+i105k4j—20sk+5]
sk+j sk+j

< Z 61 < D (sl + |6 ) Bic1pio1 ~ 1]
=2

sk+]
<2¢ Z ( ((n+25+5)0 + (45+9)7%) | All2 —|—(3n+405+58)u5k+J)Fkusk+J

<2¢(sk+j—1) (((n+23+5)0+ (45+9)7) | A2 + (3n+405+58)a5k+j)fiask+j.
(4.37)
Rearranging (4.30) gives
Qi — OUshyj = ADghrj — BskhajOskaj—1,

and multiplying each side by its own transpose (ignoring €? terms), we obtain

Wlpy skt — 2005 ;01 j = ||Aﬁsk+j||%+ﬁgk+j”ﬁsk+j1||§_268k+jﬁz;v+jA@SkJ(rj1')
4.38
Rearranging (4.32) gives

ADgpij—1 = By jOshrj + Oskopj—10skyj—1 + Boktj—10sktj—2 — 0Vshyj—1,
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and premultiplying this expression by Bsk+j€)STk 45> We get
Bsk+jﬁgk+jAﬁsk+j—l
ZBSHJ‘@STHJ' (Bsk:ﬂ‘@skﬂ‘ + skt j—10shti—1 + Boktij—10sktj—2 — 6Dshtj—1)
=034 10k 5115 + st 1 (Bok+ 0554 j0sk+j—1) + Bskj Bkt j—1055 40k +j—2
- Bsk+jﬁgk+j5ﬁsk+j—1
=B2%; + 0Bt (4.39)
where, using bounds in (4.3), (4.19), (4.23), (4.26), (4.33), and (4.37),
16Bsk45] < 6(((n+23+5)0 + (454+9)7) | All2 + (3n+405+58)a5k+j)fiask+j (4.40)
+2e(sk:+j—1)(((n+2s+5)o—+(4s+9)%k) \\A||2+(3n+405+58)a8kﬂ) [tk
Adding 24}, , ;0usky; to both sides of (4.38) and using (4.39), we obtain
ikt 13 = 1AVt 13 + B2y (10skai—1ll3 — 2) — 26Bsnj + 2Ly ;0usnr;
= || Abarrill3 + By (10skti—1l13 — 2) + 6Bsk+ss (4.41)
where 6Bsk+j = —2535k+j +2ﬁfk+j6u5k+j, and, using the bounds in (4.31) and (4.40),
6B < 2088ty + 20T oGttt
< 4e(sk+7) (((n+2s+5)a+(4s+9)fk) | All2 + (3n+405+58)a5k+j) TR
+ 2¢ (((n+2s+5)a+(4s+9)fk) | All2 + (4s+6)ask+j)f§usk+j

< 4e(sk+j+1)(((n+23+5)o +(45+9)7%) ||A||2+(3n+403+58)ﬂ5k+j)1’“2a5k+j.
(4.42)

Now, using (4.41), and since Bfkﬂ- > 0, we can write

lthskrjlls < NaskaslI3+824 5 < NANSIOsk15115+82 45 (10skri—1113—1)+H O Bskrs]. (4.43)

Let p = max { gy, | All2}. Then (4.43) along with bounds in (4.3), (4.23), and (4.42)

gives
ltiskr513 <||All5+4e(sk+j+2) ((n+2545)0+(45+9) 7+ (3n+405+58)) T > (4.44)
We consider the two possible cases for p. First, if p = || A||2, then
tskt5]3 < [ All3 + 4€(sk+j+2) ((n+2s+5)0 + (4s4+9)7, + (3n+40s+58)) T3 || All3
< |A|2 (1 + de(sk+j+2) (n+25+5)0 + (4s+9)7% + (3n+403+58))f§).

Otherwise, we have the case y = Uspy;. Since the bound in (4.44) holds for all
s+ 13, it also holds for ﬂgkﬂ = 12, and thus, ignoring terms of order €2,

p? < ||All3 + 4e(sk+j+2) ((n+2s+5)0 + (4s+9)7 + (3n+40s+58)) 7 p?
< || A[3 + 4e(sk+j+2) ((n+2s+5)0 + (45+9)7 + (3n+40s+58))T7 | Al|3
< |lA|2 (1 + de(sk+7+2) (n+25+5)0 + (4s+9)7% + (3n+408+58))f‘i>7
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and, plugging this in to (4.44), we get
a5 12 < 1 AJI2 (1+4e(sk+j+2)((n+23+5)a+(4s+9)fk+(3n+403+58))fﬁ). (4.45)

In either case we obtain the same bound on ||@sk+ ]|, so (4.45) holds.
Taking the square root of (4.45), we have

stz < [|All2 (1+2e(sk+j+2) ((n+2545)0 + (45+9) 7% + (3n+405+58))f§), (4.46)

and substituting (4.46) into (4.26), (4.33), and (4.36) proves the bounds (4.2), (4.1),
and (4.6) in Theorem 4.2, respectively, assuming that

2e(sk+7+2)((n+2s+5)0 + (4s+9)7, + (3n+40s+58))T7 < 1.

The only remaining inequality to prove is (4.4). To do this, we first multiply both
sides of (4.24) by their own transposes to obtain

B§k+j+1H@sk+j+1H§ = ||kaA);”H% + 25w5k+jykw;c,j'
Adding &2, ; — [[fisk+; 13 to both sides,
BikrirlOserjralls + Ak — lsrasll3 = [ Vu 5115 + 63515 — kg3
+ 26wl Veiby ;-

Substituting in (4.41) on the left hand side,

BoirjiilOsksjialld + 8% — 1ADaki 115 — B2y (10sk45-1115 — 2) — 6Bsksj =
[ Vrf ;115 + 6251 — sk I3 + 20wl Vridl, 5,

and then subtracting ng 41 from both sides gives

Boiir (Bskriall3 = 1) + 6254y — | ABsky5113 — By (ka3 — 2) — 6Bskrs =
||3>kw;c7j 13+ d§k+j — |tsk45 115 + 25w5€+]’j}kw;§7j - B§k+j+1-
This can be rearranged to give
B§k+j+1 + &gk—O—j + B?kﬂ‘ — | Abar ;3 = Hj)kwm”% + &§k+j — llisk5113
+ 25ka+j)>kw;f,j + B§k+j(||@sk+j—1||§ -1)
— B (1Pskaga1ll3 = 1) + 6Bsks,

and finally, using (4.3), (4.21), (4.23), (4.25), and (4.42) gives the bound

552k+j+1 + &§k+j + B§k+j - HA@skﬂ'H%‘ <

4€(sk+j+2) ((n+2s+5)0 + (4s4+9)7 + (3n+40s+58)) T3 || All3.

This proves (4.4) and thus completes the proof of Theorem 4.2.
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Normality, classical Lanczos Orthogonality, classical Lanczos
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Fi1c. 5.1. Normality (top left), orthogonality (top right), recurrence column error (bottom left),
and difference in recurrence column size (bottom right) for classical Lanczos on 2D Poisson with
n = 256. Upper bounds are taken from [27].

5. Numerical Examples. We give a brief example to illustrate the bounds
in (4.1), (4.2), (4.3), and (4.4). We run s-step Lanczos (Algorithm 2) in double pre-
cision with s = 8 on the same model problem used in Section 3: a 2D Poisson matrix
with n = 256, ||All2 = 7.93, using a random starting vector. For comparison, Fig-
ure 5.1 shows the results for classical Lanczos using the bounds derived by Paige [27].
In the top left, the blue curve gives the measured value of normality, |f[)iT+1f[)i+1 —1|, and
the black curve plots the upper bound, (n+4)e. In the top right, the blue curve gives
the measured value of orthogonality, |3; 4107 0,41, and the black curve plots the upper
bound, 2(n + 4)||Al|2¢€. In the bottom left, the blue curve gives the measured value of
the bound (4.1) for ||d9;]|2, and the black curve plots the upper bound, €(7+5|||A]||2)-
In the bottom right, the blue curve gives the measured value of the bound (4.4), and
the black curve plots the upper bound, 4ie(3(n + 4)||All2 + (7 + 5|1 4] ||2))[| Al 2-

The results for s-step Lanczos are shown in Figures 5.2—5.4. The same tests were
run for three different basis choices: monomial (Figure 5.2), Newton (Figure 5.3), and
Chebyshev (Figure 5.4) (see, e.g., [31]). For each of the four plots in each Figure,
the blue curves give the measured values of the quantities on the left hand sides of
(clockwise from the upper left) (4.3), (4.2), (4.1), and (4.4). The cyan curves give
the maximum of the measured values so far. The red curves give the value of l:‘% as
defined in Theorem 4.2, and the blacks curves give the upper bounds on the right
hand sides of (4.3), (4.2), (4.1), and (4.4).

We see from Figures 5.2—5.4 that the upper bounds given in Theorem 4.2 are
valid. In particular, we can also see that the shape of the curve f‘i gives a good indica-
tion of the shape of the curves for max;<sp+; |1A)iT+1f)Z-+1—1\ and max;<gp+4; |Bi+1 0T D41
However, from Figure 5.2 for the monomial basis, we see that if the basis has a high



22 ERIN CARSON AND JAMES DEMMEL

Normality, s=8, monomial basis Orthogonality, s=8,monomial basis
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F1G. 5.2. Normality (top left), orthogonality (top right), recurrence column error (bottom left),
and difference in recurrence column size (bottom right) for s-step Lanczos on 2D Poisson with
n = 256 and s = 8 for monomial basis. Bounds obtained using I'y, as defined in Theorem 4.2.

Normality, s=8,Newton basis Orthogonality, s=8,Newton basis
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F1G. 5.3. Normality (top left), orthogonality (top right), recurrence column error (bottom left),
and difference in recurrence column size (bottom right) for s-step Lanczos on 2D Poisson with
n = 256 and s = 8 for Newton basis. Bounds obtained using I'y, as defined in Theorem 4.2.
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Normality, s=8,Chebyshev basis Orthogonality, s=8,Chebyshev basis
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F1G. 5.4. Normality (top left), orthogonality (top right), recurrence column error (bottom left),
and difference in recurrence column size (bottom right) for s-step Lanczos on 2D Poisson with
n = 256 and s = 8 for Chebyshev basis. Bounds obtained using 'y, as defined in Theorem 4.2.

condition number, as does the monomial basis here, the upper bound can be a very
large overestimate quantitatively, leading to bounds that are not useful.

There is an easy way to improve the bounds by using a different definition of T'j,
to upper bound quantities in the proof of Theorem 4.2. Note that all quantities which
we have bounded by T in Section 4 are of the form ||| Ve||z|||2/||Vkz||2. While the use
of T';, as defined in Theorem 4.2 shows how the bounds depend on the conditioning
of the computed Krylov bases, we can obtain tighter and more descriptive bounds
for (4.3) and (4.2) by instead using the definition

y;=  max M (5.1)
e {0}, ;i ;0% 50k o1} (| V]2
For the bound in (4.1), we can use the definition
_ Vil Bl |9 ; y
P Emax{ 1611k kA,Jle’ e M} (5.2)
1B 12|k jll2 w€t@h 585050 503 (V]2
and for the bound in (4.4), we can use the definition
_ _ Vil |1Bi |9}, 5 )
Fk,jfmaX{Fk,qu |12 k|A| Ii’,J|H27 , max 7M} (5-3)
1B 2| Vkdy, jll2 w€ @k 0% 505001 [ Vexl2

The value in (5.3) is monotonically increasing since the bound in (4.37) is a sum of
bounds from previous iterations.
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Normality, s=8,monomial basis Orthogonality, s=8,monomial basis
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F1G. 5.5. Normality (top left), orthogonality (top right), recurrence column error (bottom left),
and difference in recurrence column size (bottom right) for monomial basis. Bounds obtained using
Tk as defined in (5.1) for top plots, (5.2) for bottom left plot, and (5.3) for bottom right plot.

In Figures 5.5—5.7 we plot bounds for the same problem, bases, and s-values as
Figures 5.2—5.4, but using the new definitions of f‘;w-. Comparing Figures 5.5—5.7
to Figures 5.2—5.4, we see that these bounds are better both quantitatively, in that
they are tighter, and qualitatively, in that they better replicate the shape of the
curves for the measured normality and orthogonality values. The exception is for the
plots of bounds in (4.4) (bottom right plots), for which there is not much difference
qualitatively. It is also clear that the new definitions of I';, correlate well with the
size of the measured values (i.e., the shape of the blue curve closely follows the shape
of the red curve). Note that, unlike the definition of I'y in Theorem 4.2, using the
definitions in (5.1)—(5.3) do not require the assumption of linear independence of the
basis vectors.

Although these new bounds can not be computed a priori, the right hand sides
of (5.1), (5.2), and (5.3) can be computed within each inner loop iteration for the
cost of one extra reduction per outer loop. This extra cost comes from the need to
compute | V|7 |k, although this could potentially be performed simultaneously with
the computation of G, (line 4 in Algorithm 2). This means that meaningful bounds
could be cheaply estimated during the iterations. Designing a scheme to improve
numerical properties using this information remains future work.

6. Future work. In this paper, we have presented a complete rounding error
analysis of the s-step Lanczos method. The derived bounds are analogous to those of
Paige for classical Lanczos [27], but also depend on a amplification factor f‘i, which
depends on the condition number of the Krylov bases computed every in each outer
loop. Our analysis confirms the empirical observation that the conditioning of the
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Normality, s=8,Newton basis

Orthogonality, s=8,Newton basis
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F1G. 5.6. Normality (top left), orthogonality (top right), recurrence column error (bottom left),

and difference in recurrence column size (bottom right) for Newton basis.
Tk as defined in (5.1) for top plots, (5.2) for bottom left plot, and (5.3) for bottom right plot.
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Normality, s=8,Chebyshev basis

Orthogonality, s=8,Chebyshev basis
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F1G. 5.7. Normality (top left), orthogonality (top right), recurrence column error (bottom left),
and difference in recurrence column size (bottom right) for Chebyshev basis. Bounds obtained using

Tk as defined in (5.1) for top plots, (5.2) for bottom left plot, and (5.3) for bottom right plot.
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Krylov bases plays a large role in determining finite precision behavior.

The next step is to extend the analogous subsequent analyses of Paige, in which
he proves properties about Ritz vectors and Ritz values, relates the convergence of
a Ritz pair to loss of orthogonality, and, more recently, proves a type of augmented
backward stability for the classical Lanczos method [28, 29].

Another area of interest is the development of practical techniques for improving
s-step Lanczos based on our results. This could include strategies for reorthogonal-
izing the Lanczos vectors, (re)orthogonalizing the generated Krylov basis vectors, or
controlling the basis conditioning in a number of ways. The bounds could also be used
for guiding the use of extended precision in s-step Krylov methods; for example, if we
want the bounds in Theorem 4.2 for the s-step method with precision € to be similar
to those for the classical method with precision €, one must use precision € ~ e/f‘i.

In this analysis, our upper bounds are likely large overestimates. This is in part
due to our replacing I'y with Fi in order to simplify many of the bounds. If the
analysis in this paper is performed instead keeping both I'y and I‘% terms, it can be
shown that increasing the precision in a few computations (involving the construction
and application of the Gram matrix Gk) can improve the error bounds in Theorem 4.2
by a factor of I'y. This motivates the development of mixed precision s-step Lanczos
methods, which could potentially trade bandwidth (in extra bits of precision) for
fewer total iterations. As demonstrated in Section 5, it is also possible to use a tighter,
iteratively updated bound for I';, which results in tighter and more descriptive bounds
for the quantities in Theorem 4.2.
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